Breast cancer is the most common malignancy in women in the Western world. Except for the high breast cancer risk in BRCA1 and BRCA2 mutation carriers as well as the risk for breast cancer in certain rare syndromes caused by mutations in TP53, STK11, PTEN, CDH1, NF1 or NBN, familial clustering of breast cancer remains largely unexplained. Despite significant efforts, BRCA3 could not be identified, but several reports have recently been published on genes involved in DNA repair and single nucleotide polymorphisms (SNPs) associated with an increased breast cancer risk. Although candidate gene approaches demonstrated moderately increased breast cancer risks for rare mutations in genes involved in DNA repair (ATM, CHEK2, BRIP1, PALB2 and RAD50), genome-wide association studies identified several SNPs as low-penetrance breast cancer susceptibility polymorphisms within genes as well as in chromosomal loci with no known genes (FGFR2, TOX3, LSP1, MAP3K1, TGFB1, 2q35 and 8q). Some of these low-penetrance breast cancer susceptibility polymorphisms also act as modifier genes in BRCA1/BRCA2 mutation carriers. This review not only outlines the recent key developments and potential clinical benefit for preventive management and therapy but also discusses the current limitations of genetic testing of variants associated with intermediate and low breast cancer risk.
Introduction
With an average lifetime risk of 8 -10%, breast cancer is the most common malignancy in women in the Western world. Up to 15% of healthy women have at least one firstdegree relative with breast cancer 1 and empirical data show that breast cancer risk doubles in these women. It is assumed that monogenic traits account for 5% of breast cancer overall. 2 Germline BRCA1 or BRCA2 mutations, which account for 20 -40% of breast cancer that clusters in families and less than 5% of breast cancer overall, 3 are associated with a high lifetime risk of up to 60 -85% for breast cancer as well as an increased risk for ovarian cancer. In addition to this high risk in hereditary breast and ovarian cancer, there are certain heritable syndromes associated with an increased breast cancer risk. However, more than 50% of the genetic predisposition to familial breast cancer remains unexplained. 4 -6 In this review, an overview of the most recently published breast cancer susceptibility genes and single nucleotide polymorphisms (SNPs) is given. Besides these current findings, many other SNPs linked to breast cancer susceptibility were found in the past, but the objective of this paper is to review the recent findings in breast cancer genetic susceptibility identified in candidate gene approaches of genes involved in DNA repair and huge genome-wide association studies. One has to distinguish strictly between rare mutations in genes involved in DNA repair that are associated with a moderate breast cancer risk on the one side and common low penetrance polymorphisms causing a slightly increased breast cancer risk on the other. 7 These common variants consist of SNPs in known genes such as fibroblast growth factor receptor 2 (FGFR2) and in loci in which the gene or genes responsible have not yet been identified. As for most complex diseases, it is expected that the individual risk for breast cancer is determined by the interaction of several or even many genetic variants, that is, a certain pattern of polymorphisms, and environmental factors, for example, hormones or physical exercise, and not by a single genetic variant. So far, neither the cumulative risk associated with patterns of known low-risk variants has been determined nor have risk prediction models integrating the different genetic variants been developed and validated. This clearly limits the clinical use of these susceptibility mutations and polymorphisms in BRCA1/BRCA2 mutation-negative individuals with an increased risk for familial breast cancer as well as in the general population to estimate the individual breast cancer risk for those women who want to learn more about it. 8 The situation may change in the near future with the identification of further genetic risk factors, the establishment of valid risk prediction models and the use of new generation high-throughput sequencing technologies. Analogous to the guidelines that have been established to support decision-making on whether or not a family should be offered mutation screening in BRCA1 and BRCA2, 1,2,9 -14 criteria have to be defined for requirements to be fulfilled before genetic testing of intermediate penetrance genes for rare mutations associated with moderate breast cancer risk, and of low penetrance SNPs for common alleles associated with slightly increased breast cancer risks should be implemented in routine diagnostics.
Breast cancer-associated cancer predisposition syndromes
Hereditary breast and ovarian cancer caused by mutations in BRCA1 or BRCA2 is the most frequent autosomal dominant disorder associated with a high breast cancer risk. 6 In addition, there are several other rare cancer predisposing syndromes associated with an increased breast cancer risk ( In addition, an increased breast cancer risk is present in individuals with Peutz-Jeghers syndrome (MIM no. 175200) carrying heterozygous germline mutations in STK11, formerly known as LKB1, causing a polyposis syndrome characterized by melanocytic macules of the lips, buccal mucosa and digits as well as multiple gastrointestinal hamartomatous polyps and an increased risk of various neoplasms, including breast cancer. 19 For age-dependent screening procedures, please see the recent review by Lynch et al.
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Cowden syndrome (MIM no. 158350), characterized by multiple hamartomas occurring in skin, breast, thyroid, gastrointestinal tract, endometrium and brain as well as an increased risk of malignant tumours, is associated with an increased breast cancer risk of up to 30 -50% by the age of 70 years. In view of the increased cancer risk, intensified screening procedures are indicated. 21, 22 Disease-causing 16 Even in families without diffuse gastric cancer in their medical history, CDH1 mutations could be found in women with lobular breast cancer. 24 In view of the increased cancer risk, intensified surveillance programmes are indicated. 22, 25 For women with neurofibromatosis type I (NF1) (MIM no. 162200), an autosomal dominant disorder caused by NF1 mutations, a moderately increased breast cancer risk was reported. Therefore, early screening has to be considered in these women by an interdisciplinary team of experts. 17 Nijmegen breakage syndrome (MIM no. 251260), an autosomal recessive chromosomal instability syndrome characterized by microcephaly, growth retardation, immunodeficiency and predisposition to different malignancies, is caused by mutations in NBN, known to be involved in DNA repair. 26 Recently, a 5 bp deletion in NBN (657del5) was shown to be associated with an almost threefold increase in breast cancer risk for heterozygous female carriers in Central and Eastern Europe. 18 Finally, some studies reported an elevated breast cancer risk in hereditary non-polyposis colorectal cancer (HNPCC/ Lynch syndrome, MIM no. 120435) caused by heterozygous mutations in DNA mismatch repair genes, mainly MLH1, MSH2, MSH6 and PMS2, 27,28 whereas other investigations showed no or only a slightly increased breast cancer risk. 29, 30 At present, no special breast cancer surveillance is recommended for women with HNPCC, 30 -32 but this is mainly based on the investigation of heterozygous MLH1 and MSH2 mutation carriers, and there are indications that cancer risk associated with heterozygous MSH6 and PMS2 mutations may differ.
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Rare intermediate-penetrance breast cancer susceptibility genes
As BRCA1 and BRCA2 are involved in DNA repair, and heterozygous mutations in DNA repair genes such as ATM and TP53 have been discussed to be associated with an increased breast cancer risk, candidate gene approaches to identify further breast cancer susceptibility genes in highrisk families concentrated on genes involved in DNA repair such as CHEK2, RAD50, BRIP1 and PALB2. The link between DNA repair and breast cancer susceptibility became even more intriguing after homozygous mutations in BRCA2 were found to be responsible for Fanconi anaemia, and BRCA2 was shown to be identical with FANCD1. 33, 34 Notably, mutations in several genes associated with an increased breast cancer risk in monoallelic mutation carriers cause rare subgroups of Fanconi anaemia or other rare autosomal recessive diseases, if both alleles are affected. For example, BRIP1 and PALB2, both associated with a moderately increased risk in heterozygous mutation carriers, turned out to be FANCJ and FANCN, respectively ( Figure 1 ). It is beyond the scope of this review to discuss DNA repair and Fanconi anaemia in detail. Interested readers are referred to the excellent reviews by Wang, 34 Hakem, 35 and D'Andrea and Grompe. 36 Odds ratios for heterozygous mutations in DNA repair genes such as ATM, CHEK2, BRIP1, PALB2 and RAD50 lie between 2.0 and 4.3 and are thus associated with a moderately increased breast cancer risk (Table 2 ).
26 Figure 1 Genotype -phenotype correlation of heterozygous and homozygous/compound heterozygous mutation carriers for breast cancer predisposition genes and low-penetrance breast cancer susceptibility SNPs. Besides BRCA1 and BRCA2, genes are grouped by association with cancer predisposition syndromes (Table 1) , rare intermediate penetrance breast cancer susceptibility genes (Tables 2  and 3) , and common low-penetrance breast cancer susceptibility single nucleotide polymorphisms (Tables 2 and 3) . Genes are listed in alphabetical order in each group.
Breast cancer susceptibility T Ripperger et al ATM mutations are known to cause ataxia teleangiectasia (Louis -Bar syndrome), an autosomal recessive disorder characterized by cerebellar ataxia, telangiectases, immune defects and a predisposition to malignancy (MIM no. 208900). Increased breast cancer risk in heterozygous mutation carrier females has been controversial for nearly 20 years. 37 48 In contrast, CHEK2 1100delC in exon 10, leading to an abolished kinase function, displayed a twofold increased breast cancer risk in female heterozygous mutation carriers. 39 Most recently, the results of a meta-analysis for the assessment of breast cancer risk in CHEK2 1100delC carriers of more than 50 000 cases and controls reported on a 4.8 relative risk of developing breast cancer for heterozygous CHEK2 1100delC mutation carriers with a family history of breast cancer. This leads to an estimated cumulative breast cancer risk of 37% by the age of 70 years. 49 Carrier frequency in the Netherlands reaches up to 0.8% and in Finland and Sweden up to 0.7 and 0.5%, respectively. Allele frequencies in other European countries, North America and Australia rarely exceed 0.1 or 0.2%, meaning 1 or 2 in 1000 alleles (Table 3) . 39, 50 In addition, screening of all 14 coding exons in 516 BRCA1/ BRCA2 mutation-negative hereditary breast cancer families displayed independent segregation of CHEK2 1100delC with breast cancer in two of four families analysed, 51 and the initially reported high risk for male breast cancer has not been confirmed. 39 However, CHEK2 1100delC carriers that only two of four first-degree breast cancer-affected relatives of breast cancer probands with PALB2 mutations also carried the PALB2 mutations, indicating an incomplete segregation of PALB2 mutations with breast cancer and thereby mirroring the difficulties of screening these genes in breast cancer families when unaffected women ask for predictive molecular testing to specify their individual breast cancer risk. In addition, ATM, BRIP1, CHEK2 and 
Common low-penetrance breast cancer susceptibility SNPs
New tools such as high-density SNP arrays are now available for genome-wide association studies to decipher genetic variants associated with an increased breast cancer risk in large groups containing hundreds and thousands of patients and controls. The aim of these studies is to identify a number of polymorphisms, each expected to impact only to a minor extent on the individual risk. Nevertheless, as most of these variants occur with high frequency in the investigated populations (Table 3) , they have a significant impact on the breast cancer risk but can also frequently be found in control cohorts. 8 To understand how these genetic variants function and interact, and whether and how they modify environmental risk factors, it will be necessary to characterize their role in tumorigenesis. Currently, there is a growing list of reports on common SNPs in genes or chromosomal loci that have been identified in genome-wide association studies: FGFR2, 45 and 8q. 43 The odds ratios for heterozygous and homozygous carriers range between 1.1 and 1.3, and 1.2 and 1.6, respectively (Table 2) . Notably, although rare mutations in ATM, BRCA1, BRCA2, CHEK2 and TP53 are known to be associated with increased breast cancer risk, Baynes et al 55 recently reported that no significant breast cancer association of a common SNP or a certain combination of SNPs could be identified in any of these genes in 4474 investigated breast cancer cases from the British, East Anglian SEARCH study. In addition, Cox et al, 44 screening nine SNPs for which there was some prior evidence of breast cancer association, reported on a common SNP in CASP8 (rs1045485) that reduces breast cancer risk. For a critical discussion of the epidemiological credibility of these studies that depends on the number of investigations and patients included, replication and protection from bias, and regarding different genome-wide approaches for the identification of susceptibility genes, please refer to the review by Risch 56 as well as the most recently published review by Seng and Seng.
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For example, two SNPs in intron 2 of FGFR2 (rs2981582 and rs1219648), a gene which is known to be amplified and overexpressed in sporadic breast cancer cases, 58 has been observed in two independent multicentre genome-wide association studies of SNPs, leading to an increased breast cancer risk with an odds ratio in a heterozygous situation of 1. Meyer et al 60 recently reported on an altered binding affinity for transcription factors OCT1, RUNX2 and C/EBPb as a result of identified breast cancer susceptibility SNPs in intron 2 of FGFR2 that lead to an increased FGFR2 expression. Currently, further genome-wide association studies are underway comparing BRCA1/BRCA2-negative high-risk breast cancer and sporadic breast cancer cases with control cohorts. They will certainly identify new susceptibility polymorphisms and will possibly be able to investigate additional or synergistic effects of defined susceptibility polymorphisms. 6 Modifiers in BRCA1 and BRCA2 mutation carriers There have been several observations supporting the hypothesis that breast cancer risk in BRCA1 and BRCA2 mutation carriers is modified by genetic factors. 61 Taking into account that women tested negative for their familial BRCA1/BRCA2 mutations still face an increased breast cancer risk, 62 one can speculate that this increased risk might be due to inherited genetic variants that act as modifier genes in BRCA1/BRCA2 mutation carriers, and also as low penetrance susceptibility polymorphisms in BRCA1/BRCA2 mutation non-carriers. Currently, vast efforts are being made to identify modifier genes in BRCA1 or BRCA2 mutation carriers (see eg, the Consortium of Investigators of Modifiers of BRCA1 and BRCA2 (CIMBA)). 63 An SNP 135G4C (RAD51: c.À98G4C) in RAD51 has recently been identified as first modifier in BRCA2 mutation carriers, whereas no effect of this SNP was found in BRCA1 mutation carriers and BRCA1/BRCA2 mutation non-carriers. 64, 65 A multicentre study, investigating 10 358 mutation carriers, described modifier roles for SNPs in FGFR2, MAP3K1 and TOX3 that were initially identified as low-penetrance breast cancer susceptibility Breast cancer susceptibility T Ripperger et al SNPs. 43 Importantly, the SNPs rs2981582 and rs889312 in FGFR2 and MAP3K1, respectively, increase the breast cancer risk in BRCA2 mutation carriers but not in BRCA1 mutation carriers, whereas rs3803662, an SNP in TOX3, is associated with an increased breast cancer risk in both BRCA1 and BRCA2 mutation carriers. 66 
Discussion
After the major breast cancer susceptibility genes BRCA1 and BRCA2 were cloned in 1994 and 1995, respectively, 67 considerable efforts have been made to identify another susceptibility gene in high-risk families, 26 but the predicted BRCA3 could not be found. 4, 67 At present, it seems to be widely accepted that no further high-penetrance genes accounting for a relevant number of familial cases exist. Instead, breast cancer is considered a complex disease determined by the combined effect of several or even many genetic variants. 43 Generally, two groups of susceptibility factors can be clearly distinguished comparing mean allele frequencies and mean associated risks: rare mutations in genes involved in DNA repair with intermediate penetrance on the one side and low penetrance SNPs on the other (Figure 2 ). At present, a vast amount of new data is generated by candidate gene approaches and genome-wide association studies. Although criteria for genetic testing of BRCA1 and BRCA2 have been defined, 9 -14 at least in some of these genes, are not specific for BRCA1/ BRCA2 mutation-negative familial cases, but can also occur in sporadic breast cancer cases (Bogdanova et al, 73 Erkko et al 74 and A Meindl, unpublished data). Therefore, it is likely that predisposing mutations with moderate penetrance in other genes will be identified in families with multiple cases. Subsequently, this knowledge as well as the potential risk-modifying interaction of these mutations with predisposing polymorphisms may be an attractive tool for risk prediction. Nevertheless, in the near future, as soon as costs and time of sequencing are reduced to a more reasonable level, it may become cost-effective to screen all genes involved in DNA repair or other breast cancer-associated pathways in high-risk families. Because of the known differences in allele frequency, for example, the rather high frequency of CHEK2 1100delC in the Netherlands or Finland, genetic testing of certain mutations and/or polymorphisms associated with a significantly increased breast cancer risk may only be indicated in populations with relatively high allele frequencies, because significant reduction of disease burden can only be achieved in a certain population if an effective preventive management is available, and the polymorphism or mutation is sufficiently frequent.
In addition to the identification of new polymorphisms and the validation of their relative risk in different large cohorts, it will be essential to understand the combined effect of different polymorphisms, and to establish reliable risk prediction models before stepping forward to routine investigations. Given seven established common breast cancer susceptibility SNPs, there are 2187 possible combinations of genotypes. 75 Although risks conferred by individual loci are rather small, some risk alleles seem to act multiplicatively. Thus, the breast cancer risk among Figure 2 Association of mean frequency and relative risk of breast cancer susceptibility genes and loci. On the basis of the information in Tables 2 and 3 , the association of mean frequency and mean breast cancer-associated relative risk is displayed illustrating the clear differences between rare mutations in genes involved in DNA repair with intermediate penetrance on the one side and common low penetrance single nucleotide polymorphisms on the other.
Breast cancer susceptibility T Ripperger et al women carrying 14 risk alleles is estimated to be six times as high as among women carrying none of these risk alleles. 75 In the future, screening programmes may be adapted to the individual genetic risk, for example, modifying age of initiation and investigation intervals of mammography, integration of magnetic resonance imaging and/or risk-reducing surgery. It is to be hoped that this will lead to an intensified screening in high-risk individuals, but spare unnecessary and even potentially harmful screening in women with very low-risk profiles. However, the clinical utility of such an individualized genome-based approach has to be validated, and principles for the implementation of genetic testing of new susceptibility mutations and/or polymorphisms have to be established from an individual as well as from a population and health-care system point of view. 76 -78 Further studies will probably identify polymorphisms associated with different response rates to certain therapies or histological subtypes and particular SNPs may even serve as therapeutic targets. 45, 79, 80 Taking full advantage of these polymorphisms will require functional characterization of the polymorphisms, as for instance for an SNP in intron 2 of FGFR2 leading to an altered binding affinity for transcriptional factors and thereby, to an increased FGFR2 expression. 60 In summary, based on the current knowledge, there is no evidence that justifies screening of common low penetrance genes and loci to specify the individual breast cancer risk. In the near future, with the new generation of low-cost high-throughput sequencing technologies and powerful risk prediction models integrating family history, lifestyle factors and available genetic information, individual risk classification may allow adequate preventive management, intensified in those with higher risks but reduced in those with lower risk levels. With these powerful, validated risk estimation tools in hand, we will hopefully reach a point where statistical significance meets clinical relevance, and screening programmes based on genetic information will lead to reduced breast cancerassociated mortality.
